In order to estimate the association between intrauterine growth and childhood survival, data on birth weight and gestational age from the Norwegian Birth Registry, for all children who survived the first year of life and who were born during the period 1967-1989 were linked to the National Cause of Death Registry for the period 1968-1991. Deaths were categorized into five cause of death groups: malformations, cancer, infections, accidents, and other causes. The adjusted relative risk of death from all causes at ages 1-5 years was 2.18 (95% confidence interval (Cl) 1.85-2.56) for children with birth weight <2,500 g as opposed to children with birth weight >2,500 g. For ages 6-10 years, the corresponding adjusted relative risk (95% Cl) was 1.83 (1.35-2.48), and for ages 11-15 years, it was 1.35 (0.91-1.99). Death from infections, accidents, and other causes showed a reversed J-shaped association with birth weight, while malformations showed a log-linear decrease in mortality with increasing birth weight. For cancer deaths, low birth weight showed an opposite association. The association between birth weight and childhood mortality is complex, and cause-specific analyses are necessary to understand the connection between intrauterine influences and later mortality. Am J
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The increased morbidity and infant mortality of children with low birth weight is well established (1) . Recently, observations have been made that are compatible with long-term consequences of intrauterine growth retardation, such as increased risk of hypertension, diabetes mellitus, and coronary heart disease (2) . Some of the studies underlying the "fetal programming hypotheses" are based on ecologic studies, while others depend on relatively small cohorts with substantial loss to follow-up, leaving the possibility open that there was selection bias (3) . There is a need for complete follow-up of large samples of children in order to replicate the associations found in more selected samples.
To our knowledge, the association between low birth weight and mortality in childhood has not been studied in large, population-based samples beyond the first year of life. The Norwegian Birth Registry, which has been in operation since 1967, now includes about 1.5 million births which can be followed with linkage to the National Cause of Death Registry. In light of the increased interest in long-term consequences of low birth weight, the aim of this paper is to estimate the relative risk of cause-specific mortality from the second through the fifteenth year of life, for groups of children defined by different levels of birth weight and gestational age at birth.
MATERIALS AND METHODS Population
Births in Norway with gestational age ^16 weeks have been registered in the Medical Birth Registry since 1967 (4) . All children born in the period 1967-1989 who had survived their first year of life were linked, by the use of a personal identification number, to the National Cause of Death Registry for the period 1968-1991. In these analyses, only the data based on single births will be used. The population can be thought of as a fixed cohort, recruited at one year of age, with exposure information from birth, followed to death, to sixteenth birthday, or to the end of 1991, with no loss to follow-up except for subjects who emigrate from Norway. The total cohort consisted of 1,270,016 subjects with a total follow-up time of 13.9 million person-years.
Outcome data
The underlying causes of death were coded using the International Classification of Diseases (ICD) 8th 
Exposure data
The main exposure variables are birth weight and gestational age. Birth weight will be used both directly (in g) and categorized into low birth weight (<2,500 g) and normal birth weight (S:2,500 g). Records with missing data for birth weight, which occurred in 0.2 percent of the sample, were not included in the analysis.
Gestational age is based on the number of days from the first day of the last menstrual period to the day of birth, and was grouped as <37 completed weeks (4.2 percent of population), ^37 completed weeks (89.8 percent), and unknown length of gestation (6 percent). The other covariates were sex (51.4 percent boys), parity grouped as first birth (41.7 percent) or second or later births (58.3 percent), maternal age grouped as <20 years (6.2 percent), 20-34 years (87.4 percent), and 5:35 years (6.4 percent), and birth cohort divided into the periods 1967-1974, 1975-1982, and 1983-1989 , which included, respectively, 39.6 percent, 31.9 percent, and 28.5 percent of the total sample.
Statistical methods
The total number of person-years in each year of life and according to other categories was calculated by summing the exact numbers of days from date of birth to either the end of 1991 or to the date of death. Crude rates were calculated as ratios of the corresponding numbers of deaths divided by person-years and crude relative risks as ratios of crude rates. Poisson regression (5) was employed to estimate relative risks of death according to birth weight and confounders. In order to explore in detail the association between birth weight and mortality, we used generalized additive models (6) with a Poisson family and a log-link. This method is a generalization of Poisson regression that allows flexible estimation of curvilinear relations between birth weight and mortality. Among low birth weight children, there were less than 10 deaths from cancer in the total age interval 1-15 years, as was also the case for other causes of death in specific 5-year age groups (see table 1 ). For this reason, we have calculated exact confidence intervals for the crude relative risks. For the adjusted analyses, the confidence intervals are standard output from statistical software. Table 1 shows the number of person-years and the number of deaths, according to cause, observed within the 5-year age groups 1-5, 6-10, and 11-15 years. Figure 1 shows crude age-specific mortality rates for all subjects, and for boys and girls separately. For both sexes, there is a U-shaped relation with age. The rate is approximately 15 deaths per 100,000 person-years higher for boys. The age-specific mortality rates show a consistent decline in the first years for all causes except cancer and injuries (not shown in figure 1 ). The decrease is particularly marked for infections and malformations. The injury rates begin to increase from about age 10 years. For the other causes of death, the rates are fairly constant from about age 5 years. In every year, injuries are responsible for more deaths than any other cause. Cancer rates remain relatively constant, although are somewhat higher in age group 3-6 years. Table 2 gives crude and adjusted relative risks of total and cause-specific deaths among children with low birth weight in age groups 1-15, 1-5, 6-10, and 11-15 years. Birth weight and all covariates, gestational age, sex, time trends (birth cohort), maternal age, and parity, were entered in the adjusted analyses. Age (years) FIGURE 1. Age-specific death rates (per 100,000 person-years) for boys, girls, and both sexes combined, Norway, 1968-1991.
RESULTS
These analyses were also adjusted for year of age within each age group. Table 2 shows that low birth weight is associated with higher mortality in childhood. The risk is estimated to be about double that of normal birth weight for children up to 10 years of age, but is lower than this for age group 11-15 years (adjusted relative risk (RR) = 1.35, not significantly different from 1.0). Table 2 also shows that the strongest associations are found for malformations with relative risks of between 4.0 and 5.5, except for the adjusted relative risk of 2.65 for age group 11-15 years. The relative risks for death from infections are estimated to be roughly 2.0 in all age groups, although the increase is not statistically significant after age 5 years. The risk for death from other diseases among low birth weight children is about 3-4 times as high in age group 1-10 years, but declines in age group 11-15 years (RR = 1.67, not statistically significant). There is also a significantly increased risk for deaths due to injuries (RR = 1.43, for the total age interval 1-15 years), although the elevated risk disappears after 10 years of age. For death from cancer, there appears to be an association with low birth weight, although, in contrast with the other causes of death, low birth weight seems to be associated with a reduced risk of cancer death (RR = 0.27, total age interval 1-15 years). This reduction is found in all age groups. However, because there were few cancer deaths among low birth weight children, namely four in age group 1-5 years and one in each of the age groups 6-10 and 11-15 years, there is a problem in the interpretation of the adjusted confidence intervals.
The age trends after adjustment were similar to the crude rates of figure 1. There has been an overall 40 percent decline in mortality over the study period. Boys have 50 percent higher risk than girls. Children from second or later pregnancies have about 20 percent higher mortality than children from the first pregnancy. Age of the mother affects the risk in a Ushaped manner; for mothers aged <20 years, the risk is about 30 percent higher than for mothers aged 20-34 years. Similarly, the risk rose about 20 percent for children of mothers aged &35 years. The effects of parity and maternal age are not present in age group 6-10 years. Short and unknown gestational age are associated with about 15 percent increased mortality after adjustment for birth weight, but this effect is only observed for children in age group 1-5 years.
To summarize the effects of the covariates besides birth weight on cause-specific mortality, boys compared with girls have a 35 percent higher risk of dying from infections and cancer, a 25 percent increased risk of dying from other diseases, and more than twice the risk of dying from injuries, but there is no difference between the two sexes with respect to deaths from malformations. The two more recent cohorts (1975-1982 and 1983-1989 ) had lower mortality with respect to infections, cancer, and injuries. For all these three causes, the latest cohort had mortality of about 45 percent relative to the first cohort. Children of second or later births had higher mortality due to injuries (40 percent increase) and possibly due to malformations (15 percent increase). When the mother was aged <20 years when she gave birth, the child had a 50 percent increased risk of death due to infections and an 80 percent increased risk of death due to injuries, but the risk of death due to malformations was reduced by 25 percent compared with mothers aged 20-34 years. Similarly, offspring of mothers aged ^35 years had an increased risk of death due to infections and cancer of about 35 percent and an increased risk of death due to malformations of 80 percent. Short or unknown gestational age was associated with mortality due to infections (40-50 percent increase) and malformations (20-30 percent increase). Unknown gestational age seems to be associated with an increase in injury mortality (20 percent increase).
The association between birth weight and total mortality is studied in more detail in figure 2 , which shows the estimated dependence between natural logarithms of relative risks (log(RR)) and birth weight for age groups 1-15, 1-5, 6-10, and 11-15 years. The results stem from fitting generalized additive models with smoothing of the effect of birth weight. Age and covariates except birth weight are entered as in adjusted analyses. Figure 2 shows log(RR) at given birth weights when comparing to birth weights with, in a loose sense, average mortality. Pointwise 95 percent confidence intervals, to be interpreted loosely, are also given. Because the major part of the birth weights lie between 3,000 g and 4,000 g, the reference weight generally lies in this range. To obtain estimated relative risks between two given birth weights, one may read off from the graph the log(RR) values for the two weights, calculate the difference, and take the exponent. The type of association can, however, be read off the graph directly; if the curve is increasing (decreasing), it means that the risk is also increasing (decreasing). Similarly, a U-shaped curve corresponds to a U-shaped risk. Note that on a relative risk scale a decrease or U-shape is more pronounced than on a logarithmic scale. In interpreting the curves, it may be convenient to calculate crude and unsmoothed relative risks based on data in table 1.
For all age groups in figure 2, we find reversed J-shaped dependencies indicating a marked decrease in risk from the lowest birth weights up to average birth weights and then a slight increase toward the highest birth weights. The effects are more pronounced for age group 1-5 years, with an estimated decrease in risk of about exp(2) «* 7.4 from a weight of 750 g to an average weight of about 3,500 g. The corresponding numbers in age groups 6-10 and 11-15 years are, respectively, exp(1.2) «* 3.3 and exp(0.5) = 1.6. Because the confidence intervals for the low birth weights do not contain a log-relative risk of zero (except for age group 11-15 years), there is evidence for a higher risk at low birth weights. For the very high birth weights, the evidence for an increased risk is ambiguous because all of the confidence intervals contain zero. Figure 3 shows the relation between cause-specific mortality and birth weight adjusted for the same variables as in table 2 when the age interval is 1-15 years. There is a reversed J-shaped relation for infections, although the increase for high birth weights need not be significant. For malformations, the risk declines steadily as birth weight increases, and the dependence is consistent with a log-linear decline. Regarding cancer, a steady increase is estimated. The apparent steep increase for birth weights <3,000 g should be interpreted carefully because of the small numbers. The risk of deaths due to other diseases decreases with birth weight, but the level appears to be constant for birth weights ^4,500 g. Figure 3 also clearly shows that the association between death due to injuries and birth weight is less pronounced than for the other causes of deaths, although there is some curvature in the dependence.
We have also investigated interaction between birth weight and gestational age using a four-level factor variable indicating low (<2,500 g) or normal birth weight and short (<37 weeks) or normal gestational age. With total mortality, this interaction is significant when considering age group 1-5 years and the total age span 1-15 years. The effect is that those children with low birth weight but normal gestational age have the highest mortality (RR = 2.32 compared with normal birth weight and normal gestational age, adjusted analysis, age 1-15 years). The corresponding relative risks are 1.30 for normal weight and short gestation and 2.04 for low birth weight and short gestation. This effect is mainly due to deaths from malformations where the corresponding relative risks are 6.89, 2.34, and 4.53, but similar effects may be present for other diseases and injuries. For cancer, a less protective effect is estimated for low birth weight when gestation is short. For infections, a higher risk (RR = 2.59) is estimated for low birth weight and short gestation compared with the risks that can be ascribed to low birth weight alone (RR = 1.37) and short gestation alone (RR = 1.29).
Interaction due to sex has also been investigated by carrying out separate analyses for boys and girls. The effect of low birth weight is higher for girls than for Am J Epidemiol Vol. 148, No. 10, 1998 boys with relative risks, respectively, of 2.31 and 1.73 for total mortality (adjusted analyses, ages 1-15 years; p = 0.04). This tendency is found for all causes except cancer, where no difference was observed.
DISCUSSION
The present study demonstrates that increasing birth weight up to about 4,000 g is associated with decreasing risk of death from all causes for children between 1 and 15 years of age. However, the association with birth weight is widely different when specific causes of death are examined. Death from cancer is less likely when the birth weight is <2,500 g, which is opposite to the trend for deaths from malformations, infections, and other diseases.
The strength of this study is the large, populationbased sample. The only loss to follow-up occurred for subjects who emigrated from Norway. Information bias is not likely. The data originate from a linkage of two national health registries with reliable information on birth weight and cause of death. However, in interpreting the associations, confounding is an important issue.
Data on emigration were not available for these analyses, and subjects that were not recorded as having died were assumed to be members of the target population to end of follow-up. This will to some extent bias the recorded numbers of person-years upward, and the estimated rates in figure 1 are similarly biased downward. Most of our analyses, however, concern differences between groups, and in order to invalidate our relative risks, a selective emigration pattern is necessary. Information from Statistics Norway shows that about 98 percent of 6-year-old children born in Norway still reside in the country. The corresponding number for 16-year-old children is about 97 percent (personal communication, E. Vassenden, Statistics Norway, 1998).
The cause-specific analyses of course rely on the accuracy of the Norwegian Cause of Death Registry. In 1976, the death certificates on which the registry is based on were reviewed (7). Inaccuracies or possible errors were found in 7.7 percent of certificates with respect to cause of death. This proportion increased with age, which is likely to be a result of decreased percent of performed autopsy. Thus, data on children are likely to be more reliable. A large part of the errors are minor, and, after revision, one out of five possible erroneous diagnoses were moved to another main group of causes. Furthermore, all cancer deaths were checked against the Norwegian Cancer Registry.
The strongest association was found between low birth weight and death from congenital malformations (as the underlying cause of death). This association is not unexpected since adverse prenatal factors may have led to reduced growth as well as the malformation (which predisposes to early death). The association with infections and other diseases can either be explained by a direct effect of low birth weight or by one or more confounders, such as socioeconomic status, which may explain both reduced birth weight (8) and increased morbidity and mortality in childhood. Both in Norway (9) and elsewhere (10), socioeconomic status has been found to be associated with early mortality. Because socioeconomic status was not controlled for in this study, except for the indirect influence it may have through maternal age and parity, we cannot determine the extent of confounding. Our study confirms the observation made in the United States (11) that low birth weight children have an increased risk of death in childhood from infectious diseases. It is interesting that both studies point to prematurity as an important factor for mortality from infectious diseases.
The reverse association with cancer is consistent with an earlier report from Norway, based on linkage to the Cancer Registry (12) , which showed that the relative risk for cancer was 0.6 (95 percent CI 0.4-1.0) for children with low birth weight. High birth weight has been reported to be positively associated with childhood brain tumors (13) , cancer of the prostate (14) , and breast cancer (15) . However, not all studies have been able to find associations between birth weight and cancer (16, 17) . The possibility that hormonal (18) or other factors in utero may create a "fertile soil" for later development of certain cancers is exciting, and could lead to a better understanding of the mechanisms of carcinogenesis.
An observation that is unexplained and needs confirmation is the higher association between birth weight and mortality in females than in males.
Despite the large sample studied, the relative risks have wide confidence intervals, especially for rare outcomes such as death from cancer. Further studies will benefit from increasing the sample size, for instance, by pooling data from the Scandinavian countries, and from using incidence data on cancer and other chronic disorders in addition to the death rates. Controlling for confounders in this population-based cohort is also needed for better exploration of the fetal programming hypotheses.
